A B S T R A C T The role of ,B-adrenergically mediated sympathetic nervous activity in the regulation of glucose-induced thermogenesis was examined in healthy male subjects. Respiratory gas exchange was measured continuously, using the ventilated hood technique, under conditions of hyperinsulinemia and hyperglycemia (glucose clamp technique, insulin infusion 1 mU/kg per min, glucose levels 125 mg/dl above basal) before and after ,B-adrenergic blockade (i.v. propranolol, 3-mg bolus plus 0.1 mg/min for 2 h). After 2 h of insulin and glucose infusion in series 1, glucose uptake had increased to 23.5±2.3 mg/kg per min and insulin concentration to 199±21 ,uU/ml. Simultaneously, the energy expenditure had risen by 0.39±0.05 kcal/min above basal. After propranolol administration, glucose uptake did not change, while energy expenditure fell significantly, to a level 0.28±0.04 kcal/ min above basal. The glucose-induced thermogenesis (GIT) was 6.5±0.3% before and 4.6±0.5% (P < 0.02) after propranolol. In series 2, insulin and glucose infusion was continued for 4 h without propranolol administration. Glucose uptake rose (+12%) and insulin levels increased (+40%) between the 2nd and 4th h but energy expenditure and GIT remained unchanged. Subjects in series 3 received saline infusion alone for 3 h, at which time propranolol administration as in series 1 was added during a further 2-h Received for publication 25 October 1982 and in revised form 16 March 1983. subjects. This factor may be of importance in the regulation of normal body weight in man.
INTRODUCTION
There is increasing evidence that the sympathetic nervous system is involved in the regulation of dietaryinduced thermogenesis (DIT),' i.e., the increase in metabolic rate that occurs after food ingestion (1, 2) . It has been demonstrated that in the rat, DIT is mediated in part via the sympathetic nervous system, brown adipose tissue being the target tissue mainly responsible for the increased thermogenesis (3) . An association between DIT and brown adipose tissue is difficult to assess in man, and the evidence that sympathetic nervous system activity is involved in the regulation of DIT in humans, too, is less compelling. Nevertheless a greater thermic effect has been observed in "energetically-inefficient" individuals, either after ingesting a mixed formula diet or after administration of a sympathomimetic drug, when compared with "energetically-efficient" subjects (4) . However, an increase in plasma norepinephrine levels has been shown only after glucose ingestion and not after protein or fat (5) , although ingestion of all three foodstuffs is accompanied by significant thermogenic responses. In addition, norepinephrine levels appear to rise more in response to hyperinsulinemia than during hyperglycemia (6) .
In spite of the animal experimental data and the indirect evidence in man, a role for the sympathetic nervous system in the regulation of DIT in man remains to be established. An improved understanding of the regulation of DIT in normal man may well be of importance in relation to the pathogenesis of human obesity. Consequently, in this study we (8) . After 2 h of insulin and glucose infusion, a 3-mg bolus of propronolol (Inderal, propranolol hydrochloride, ICI) was administered, followed by infusion of propranolol at 0.1 mg/min together with insulin and glucose for the remaining 2 h of the study. Series 2. To examine if a spontaneous change in glucose uptake or energy expenditure occurred during the last 2 h of the above study, four subjects repeated the same protocol as in series 1, except that no propranolol was given. Series 3. To study if an alteration in energy expenditure during the last 2 h of the study period may be due to an effect of propranolol on the resting metabolic rate, four subjects received an intravenous infusion of saline for 5 h. After the third hour, propranolol was administered as in series 1.
Arterialized venous blood samples for the determination of insulin, catecholamines, and blood urea concentration were collected in the basal state and at timed intervals in all three experimental series. Urine was collected during and after each study for determination of glucose and nitrogen content.
Analytical procedures
Plasma and urine glucose were determined in duplicate by the glucose oxidase method on a Beckman glucose analyzer II (Beckman Instruments Inc., Fullerton, CA). Plasma insulin levels were measured by radioimmunoassay (9) , catecholamines were analyzed using high performance liquid chromatography technique (10, 11) , and blood urea nitrogen was measured using a Technicon autoanalyzer (12) . Urinary nitrogen was measured by the Kjeldhal method (13) .
Data analysis
Whole body glucose uptake during insulin and glucose infusion was calculated from the rate of glucose infusion required to maintain the predetermined level of hyperglycemia minus the rate of glucose excretion in the urine. For data presentation the mean of the two 20-min periods from 80-120 min and 200-240 min are given.
Energy expenditure and substrate utilization rates were calculated from oxygen consumption, carbon dioxide production, and urinary nitrogen, using the tables of Lusk (14) . Correction was applied for changes in the blood urea nitrogen pool. GIT (Fig. 1) . The GIT was 6.5±0.3%.
After propranolol administration in series 1, glucose uptake fell slightly, but not significantly, to 22.5±1.2 mg/kg per min (1.57±0.13 g/min) and insulin rose nonsignificantly to 233±37 ,uU/ml. However, energy expenditure decreased progressively in all subjects, such that at the end of the 2-h propranolol infusion it had fallen significantly to 1.60±0.07 kcal/min (P < 0.005). Thus, during the last 40 min of the propranolol infusion the increase in energy expenditure, above basal, was 0.27±0.04 kcal/min (Fig. 1) G indicates glucose infusion; I, insulin infusion; and P, propranolol infusion (120-240 min). I P < 0.05 compared with the corresponding value during the first study period (differences caused by random factors). § P < 0.01 compared with the corresponding value during the first study period (differerlces caused by random factors).
(P < 0.02). The blood urea concentration fell progressively throughout the study and had decreased 25% after 240 min.
In series 2, in which the hyperinsulinemic hyperglycemic clamp was continued for 4 h without ,B-adrenergic receptor blockade, the increase above basal in energy expenditure at 8Q-120 min was of the same order as in series 1, 0.36±0.07 kcal/min (Fig. 1) . At this time, glucose uptake was 20.5±3.6 mg/kg per min (1.41±0.27 g/min), which was not significantly different from the corresponding value in series 1, and the plasma insulin concentration had increased from 6 .4±1.2 to 149±40 ,U/ml.
After 200-240 min in series 2, plasma insulin had risen to 208±59 MU/ml and glucose uptake had increased significantly to 23.2±2.8 mg/kg per min (1.65±0.24 g/min, P < 0.001). However, this value was not significantly greater than that seen during propranolol infusion in series 1. Energy expenditure, instead of falling after 200-240 min as in series 1, continued to rise, such that the increase above basal was 0.41±0.05 kcal/min. The GIT was calculated at 6.8±0.2% and 6.6±0.4% for the period 80-120 and 200-240 min, respectively (NS, Table II ). The blood urea concentration fell progressively throughout the study as in series 1 (Table I) .
In series 3, in which the subjects received a saline infusion for 3 h and then propranolol for a further 2 h, no significant change in energy expenditure was observed from the basal level, either during the saline infusion or during propranolol administration (Table I) . DISCUSSION Miller and Mumford (15) suggested that DIT may have two components, specific dynamic action (the thermic effect of food) and "Luxuskonsumption," a phenomenon first described by Neumann (16) to explain the dissipation of energy in order to maintain energy balance. More recently, these two components have been defined (17) as consisting of an obligatory thermogenesis, representing the energy cost of digestion, absorption, and processing or storing of substrates, and a regulatory thermogenesis for the dissipation of energy ingested in excess of the organism's requirements; the latter component corresponding to the concept of "Luxuskonsumption" (16) .
This study has investigated the influence upon, and the contribution of the sympathetic nervous system to, the thermogenic effect of intravenous (Table II) . During the subsequent propranolol infusion there was a significant fall in energy expenditure, with very little change in the simultaneous glucose oxidation or storage, which caused the GIT to decrease to 4.6±0.5% (P < 0.02). In contrast, in series 2, in which no ,Badrenergic blockade was instituted, the GIT remained unchanged at a level of 6.6-6.8% throughout the study. Moreover, the findings in series 3 demonstrate that propranolol administration does not significantly influence the basal energy expenditure. Taken together, the findings in series 1-3 provide evidence that the GIT is in part mediated via ,B-adrenergic sympathetic mechanisms. The present experimental data on glucose-induced rise in energy expenditure and GIT afford a compar- IC indicates glucose infusion; I, insulin infusion; and P, propranolol infusion. § Glucose oxidation was estimated on the basis of the nonprotein respiratory exchange ratio (14) . Glucose storage was calculated as glucose uptake minus glucose oxidation. 11 The theoretically derived GIT was calculated using the data on glucose metabolism in the table and the energy cost for each process (22) . ¶ P-values denote the probability that the differences between the two study periods are caused by random factors.
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K. Acheson, E. Je'quier, and J. Wahren ison with the corresponding values calculated from the theoretical cost of the glucose storage, which is 5.3% of the energy content of glucose or 0.2 kcal/g (18) . The observed rise in energy expenditure as well as the observed GIT are found to be consistently greater (6.5-6.8%) than the corresponding theoretical values (4.0-4.2%) calculated from the estimated cost of the observed glucose metabolism in the present study, except during f3-adrenergic blockade ( Fig. 1 ; Table II ). The fact that the theoretical GIT is lower than the energy cost of glycogen storage stems from the fact that a proportion of the glucose uptake is directly oxidized to carbon dioxide and water, without significant energetic cost. Thus, the theoretically estimated GIT values above are significantly smaller than those obtained experimentally in series 1 (before propranolol infusion) and in series 2, but the former values are of the same magnitude as that observed during propranolol administration. These findings suggest that -70% of the thermogenic response to glucose infusion is related to the energy cost of glucose storage, while the remaining 30% is mediated via ,B-adrenergic sympathetic nervous activity. A 40% rise in plasma norepinephrine levels was seen at 200-240 min in series 1. However, the corresponding increase in series 2 was only 10% (NS), suggesting that the finding in series 1 may reflect a propranolol-induced alteration of norepinephrine (19) rather than increased sympathetic activity. Two recent studies, using the euglycemic insulin clamp technique and varying rates of insulin infusion (20, 21) , have demonstrated that there is a linear relationship between the rise in energy expenditure above basal and the rate of glucose storage. This relationship prevails also under conditions of combined hyperinsulinemia and hyperglycemia (22) . In these studies it was noted that the experimentally observed glucose-induced rise in energy expenditure was greater than that calculated from theoretical considerations, thereby confirming the observations of the present study and extending them to a wider and more physiological range.
The current findings suggest that only a very small proportion, if any, of the GIT is likely to be caused by other thermogenic processes, e.g., sodium pumping (23, 24) , increased protein turnover (25) , or substrate cycles (26), unless they are themselves inhibited by a-receptor blockade or propranolol. The present results are supported by animal experiments demonstrating the occurrence of sympathetically mediated brown adipose tissue thermogenesis in response to both food ingestion and cold exposure in the rat (27, 28) . The site of the sympathetically mediated regulatory thermogenesis measured in the present study cannot be determined from the current data. Although there is only suggestive evidence that brown adipose tissue is functional in man (28) , it remains a possibility that the observed regulatory thermogenesis did take place in such tissue.
In this context it is of interest that thermoregulatory defects have been observed in genetically obese rodents and that reduced nonshivering thermogenesis has been demonstrated in the genetically obese (ob/ ob) mouse (29) , suggesting an association between animal obesity and a defect in the sympathetically mediated brown adipose tissue thermogenesis. In man, thermogenesis can be stimulated by intravenous infusion of catecholamines in a manner similar to nonshivering thermogenesis. However, the thermogenic response to norepinephrine is less pronounced in obese subjects than in lean controls (30) . Since the current findings indicate that adaptive thermogenesis in man is mediated by the sympathetic nervous system, it may be speculated that a defect in sympathetically mediated thermogenesis may play a role either in the pathogenesis of human obesity or in exacerbating an already existing predisposition towards obesity.
